The possibility of HC03-transport into isolated leaf mesophyOl cells of Asparagus sprengeri Regel has been investigated. Measurement of the inorganic carbon pool in these ceOls over an external pH range 6.2 to 8.0, using the silicone-fluid filtration technique, indicated that the pool was larger than predicted by passive "4CO2 distribution, suggesting that HC03-as wel as CO2 crosses the plasmalemma. Intracelular pH values, calculated from the distribution of 14CO2 between the cells and the medium, were found to be higher (except at pH 8.0) than those previously determined by 5,5-dimethyll2-14Cloxazolidine-2,4dione distribution. It is suggested that the inorganic carbon accumulated above predicted concentrations may be bound to proteins and membranes and thus may not represent inorganic carbon actively accumulated by the cells, inasmuch as in a closed system at constant CO2 concentration, the photosynthetic rates at pH 7.0 and 8.0 were 5 to 8 times lower than the maximum rate which could be supported by CO2 arising from the spontaneous dehydration of HC03-. Furthermore, CO2 compensation points of the cells in liquid media at 21% 02 at pH 7.0 and 8.0, and the K1/2 CO2 (CO2 concentration supporting the half maximal rate of 02 evolution) at 2% 02 at pH 7.0 and 8.0 are not consistent with HCO3-transport. These results indicate that the principal inorganic carbon species crossing the plasmalemma in these cells is CO2.
is substantially higher in an alkaline medium compared to that in an acidic medium under the condition of constant CO2 concentration. Other workers (3, 9, 15, [19] [20] [21] have used more exacting criteria to establish active HCO3 transport, which in algal cells has the following characteristics: that the observed rate of photosynthesis, in alkaline medium, is substantially greater than the rate of photosynthesis which could be supported solely by the spontaneous dehydration of HCO3 to C02, within a closed system (19, 21) , and there is an accumulation of a large, acid-labile, inorganic carbon pool within the cell which occurs against concentration and pH gradients (3, 9, 15, 20) .
In the present study, we have applied the criteria established for HCO3 transport in algae, to test for the presence of inorganic carbon transport in isolated mesophyll cells ofAsparagus sprengeri Regel. These cells can be obtained quickly and in large quantities by a simple mechanical isolation technique (10) , thus eliminating the potential hazards associated with enzymic isolation (11, 22) and the deleterious effects of osmotic stress on photosynthesis (10, 22) . Asparagus mesophyll cells can maintain high rates of photosynthesis for a prolonged period of time (10) and their robust nature permits vigorous stirring of the reaction media and reduction of the surface boundary layer without significant damage to cellular integrity or loss of photosynthetic activity.
MATERIALS AND METHODS
The chemical species of inorganic carbon which crosses the plasmalemma of the photesynthetic cells of higher plants is not known with certainty, but has generally been assumed to be CO2. Based on the photosynthetic response of thin leaf slices in media at various pH values and inorganic carbon concentrations, Jones and Osmond (13) and Ulirich-Eberius et al. (27) have concluded that only CO2 and not HCO3 is utilized in photosynthesis. This conclusion is also supported by the observation that carbonic anhydrase stimulated photosynthesis in media of alkaline pH (13, 27) . In contrast, Volokita et al. (28) , on the basis of experiments with isolated pea protoplasts, suggest that the HCO3 ion can cross the protoplast membrane and that the passage is mediated by a transfer mechanism. Volokita et al. (28) ascribe the discrepancy between the results of protoplast and leaf slice experiments to the bulkiness of thin leaf slices which impede the diffusion of HCO3 through the free space of the tissue.
Investigations of inorganic carbon transport in algae, particularly the cyanobacteria (3, 9, 15, 20, 21), have provided considerable evidence to indicate that these organisms can actively transport HCO3 across the plasmalemma. Raven (24) has suggested that HC03-transport is implied if the rate of algal photosynthesis ' Supported by grants from the Natural Sciences and Engineering Research Council of Canada (NSERC). G. S. E. is the recipient of an NSERC Postgraduate Scholarship.
Asparagus sprengeri Regel mesophyll cells were isolated as described previously (10) . All experiments were conducted at 25°C and a light fluence which was saturating for photosynthesis (300 wm-2 [10] ). Cells were suspended in 50 mm K+-phosphate, of appropriate pH, and contained an inorganic salts mixture (12) , except for the determination of r2 where the salts mixture was not used. The Chl content of the cell suspensions was determined by the method of Arnon (1).
The rate of photosynthesis was determined by measurement of 02 evolution in a Clark-type O2 electrode as described previously (10 (21) which is a modification of the procedure described by Lucas (19) .
Uptake and Accumulation of Inorganic Carbon. The assay for the uptake and accumulation of inorganic carbon was conducted as described by Miller and Colman (20) (room light). Then the tubes were frozen quickly in a dry icemethanol solution. Total and acid-stable carbon associated with the cell pellet was determined as described previously (9, 20) . For determination of the inorganic carbon pool size at various pHe, an incubation time of 45 s was used. Intracellular pH was calculated from the distributionofCO2 between the medium and the intracellular pool using the Henderson-Hasselbach equation, assuming that, the concentrationofCO2 was equal on both sides of the membrane, and employing a pKa of 6.35 for H2CO3 at 25°C (7) .
The proportion of CO2 in solution at various pH values of the medium was calculated according to Buch (7). The intracellular volume was determined using the[14Clsorbitol-3H20 method (12) .
RESULTS
The pH dependence of isolated Asparagus cell photosynthesis, at a constant 10 !LM C02 concentration, is shown in Figure   1 for two 02 concentrations (21% and 2%). Under these conditions, the optimum for photosynthesis is pH 7.0. The rate of photosynthesis was reduced by 21% 02 at all pH values examined. The degree of inhibition was least at pH 7.0 (64%) rising to 69% and 75% at pH 6.2 and pH 8.0, respectively. The rate of photosynthesis at 2% 02 and constant CO2 declines in both acid and alkaline media; by 43% at pH 6.2 and 26% at pH 8.0. At 21% 02, the pattern of pH inhibition of whole-cell photosynthesis is similar except that the magnitude of inhibition increased to 52% (pH 6.2) and 45% (pH 8.0). The C02-saturated rate of photosynthesis, at pH 7.2, was 44
,umol 02 mg Chl-F h-1.
From the data in Figure 1 , the observed rates of photosynthesis in terms of nmol 02 mll min ' were calculated and, from the concentration of DIC in the closed 02 electrode chamber, the rate of dehydration of HCO3 was also calculated (Table I) . At all pH values examined, and at both 02 concentrations, the maximum CO2 supply rate greatly exceeded the observed rate of photosynthesis. At the pH optimum for photosynthesis (pH 7.0), the rate of photosynthesis is only 21 (Table II) . At pH 7.0 ( Fig. 2A) (29) by IR gas-exchange analysis and show some sensitivity to the pH of the medium (Table II) . r (DIC) shows a considerable dependence upon pH, increasing by 9-fold between pH 7.0 and 8.0 (Table II) .
Inorganic Carbon Uptake and Accumulation. To obtain additional information on the identity of the inorganic carbon species taken up by leaf mesophyll cells, the effect of pHe on the rate of uptake and accumulation of inorganic carbon by Asparagus cells was investigated.
The time course of carbon accumulation within the cells, at pH 8.0 (Fig. 3B) indicates that the accumulated carbon occurred in two distinct fractions. One fraction consisted of acid-stable products of photosynthesis, whereas the other was acid-labile and represents an inorganic carbon pool. The increase in acid-stable carbon was linear with time and no detectable lag in CO2 fixation was observed under these conditions (Fig. 3B) . The uptake of inorganic carbon has two phases, an initial rapid uptake foliowed by one which closely parallels the increase in acid-stable carbon. An acid-labile inorganic carbon pool is quickly established, the ratio of internal to external inorganic carbon being 2 in this experiment. Similar experiments conducted at pH 7.0 (Fig. 3A) showed that the time course of carbon uptake is similar to that observed at pH 8.0 (Fig. 3B) . The increase in acid-stable carbon was linear with time and no lag in fixation was observed. The magnitude of the inorganic carbon pool was, however, higher than at pH 8.0 and was 5.8 times the external DIC concentration. The initial rates of carbon uptake, computed over the first 15 s of these experiments were 6.8 ,umol C mg-' Chl min-' at pH 7.0 and 2.3 ,umol C mg-' Chl min-' at pH 8.0.
The intracellular pH (pHi) of isolated Asparagus cells calculated on the basis of CO2 distribution between the medium and the intracellular pool is shown in Figure 4 for five values of pHe. For comparative purposes, the pHi obtained from DMO distribution, which we have reported previously (12) , is also shown. Although the pHi values computed on the basis of CO2 distribution show more variability than those obtained with DMO (12) , it is clear that the pHi values obtained from CO2 distribution are considerably higher than those which would be predicted by the passive distribution of CO2 between the cells and the medium, except at pH 8.0. The intracellular pools of inorganic carbon exceeded those predicted solely on the basis of CO2 distribution following a pH gradient, by a factor of 2.8 at pH 8.0 (Fig. 3B ) and 17.7 at pH 7.0 (Fig. 3A) . DISCUSSION In this study, we have attempted to identify the species of inorganic carbon (CO2, HCO3 ) which crosses the plasmalemma of higher plant leaf mesophyll cells. The basis ofthese experiments is the model developed for algae, which possess a highly efficient active HCO3 transport mechanism (3, 9, 15, 19, 20) . Following Raven's (24) general criteria, Figure I indicates that HCO3 transport by Asparagus cells is very unlikely since the observed rate of photosynthesis at pH 7.0 exceeds that observed in alkaline media in the presence of a constant concentration of CO2. The decrease in photosynthetic rate in alkaline media has previously been correlated with an increase in the intracellular pH of the Asparagus cells and a change in the direction of the pH gradient between the cells and the medium (12) .
Data comparing photosynthetic rates and the maximal CO2 supply rate, in a closed system (Table I; Fig. 2) , show that the observed rate of photosynthesis can be adequately explained on the basis of CO2 supply and uptake and that mediated transfer of HCO3 across the plasmalemma need not be invoked. Indeed, the CO2 supply rate could theoretically support rates ofphotosynthesis 5 to 8 times higher than those observed (Table I ; Fig. 2A ). A consequence of the action of an efficient HCO3-transport mechanism in algae is that the inorganic carbon concentration around RuBP carboxylase/oxygenase is saturating except when the DIC concentration in the medium is extremely low. As a result algae have C4-like photosynthetic characteristics such as very low r (CO2) and r (DIC) values (5, 18), r shows little or no sensitivity to 02 and temperature (5, 8, 18) , there is little apparent 02 inhibition of photosynthesis (8, 18) and photorespiration is minimal or absent (6, 18) . The intervention of a HCO3 transport mechanism, presumably located at the plasmalemma, of Coccochloris peniocystis and Anabaena variabilis has a profound effect on the kinetics of whole-cell photosynthesis (3, 8) (25) indicated that K1/2 (CO2), r (CO2) and the magnitude of 02 inhibition of photosynthesis decreased with increasing pH. However, in these experiments CO2 equilibration between the aqueous and gaseous phases in the reaction vials was not taken into account (23) . Subsequent work (23) has shown that the magnitude of 02 inhibition of soybean cell photosynthesis increases with increasing pH, results which are in agreement with our present findings with Asparagus cells (Fig. 1) .
In light of the other physiologic consequences of active HCO3 transport, it is very unlikely that Asparagus cells possess an efficient transport mechanism at the plasmalemma. The 02 inhibition of photosynthesis (Fig. 1) The results of the inorganic carbon uptake experiments (Fig. 3) and determination of intracellular pH by CO2 distribution (Fig. 4) are contradictory to the data presented in Figures 1 and 2 and Tables I and II in that they suggest that HCO3 is transferred across the plasmalemma, because the intracellular pool of inorganic carbon is considerably higher than that which would be expected from passive CO2 distribution along a pH gradient. The inorganic carbon accumulated above the expected level implies the existence of a transport mechanism, as the accumulation of inorganic carbon would be against its electrochemical gradient (assuming an inside negative membrane potential). These data are consistent with the results of Volokita et al. (28) . The pHi determined for Asparagus cells (Fig. 4) and pea protoplasts (28) , by CO2 distribution, are similar in value, but, pHi determined by DMO distribution (12, Fig. 4 ) is considerably lower in pea protoplasts and are similar to values obtained with Acer pseudoplatanus suspension culture cells (17) .
The use of weak acids or bases as a chemical probe to determine pHi assumes that the compound is in free aqueous solution within the cell (12, 17) . Intracellular binding of a weak acid probe (i.e.
CO2
, DMO) will result in a value of pHi which over-estimates the actual pHi. Binding of DMO in Asparagus cells has been shown to be minimal (12) , but binding of CO2 within the cell to such
